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1. Introduction
The Last Glacial Maximum (LGM) represents the most 
recent time during which ice sheets were most widespread 
during the Last Glacial Period (LGP) (Steven, 2004). At 
this time, ice sheets covered much of northern North 
America, northern Europe, and Asia, causing a massive 
drop in sea levels, profoundly affecting Earth’s climate 
(Steven, 2004). In multiple recent studies in many parts 
of the world, the growth of ice sheets began 33 ka ago and 
the maximum coverage was between 26.5 ka and 19–20 ka 
in the Northern Hemisphere. The decline of the ice sheet 
occurred approximately 14.5 ago (Clark et al., 2009, Evans 
et al., 2014). The places where the effects of glacial periods 
are best observed around the coastal belts, deltas, and 
inland seas such as the Marmara Sea (Smith et al., 1995; 
Çağatay et al., 2000; Aksu et al., 2002) and the Black Sea 
(Lericolais et al., 2008; Aksu et al., 2022) where sea level 
falls or rises leaving the best traces. Smith et al. (1995), 
stated that 13 ka ago, with the onset of deglaciation, the 
Sea of Marmara was filled with Mediterranean waters. 
Çağatay et al. (2000) expressed that the late Quaternary 
sediments of the Marmara Sea basin were deposited in a 

freshwater lake during the LGM ca to 12 ka ago. Aksu et al. 
(2002) emphasized that the Marmara Sea basin, which was 
a freshwater lake during the LGM, turned into fully marine 
conditions with the flow of Mediterranean waters ca 11–
10.5 ka ago. In addition, Lericolais et al., 2008, mention 
lowstand period deposits between the last 11 ka and 8.5 ka 
(14C age) and a drape of marine mud that suddenly covers 
all the lowstand deposits. In these mentioned studies 
carried out in the Eastern Mediterranean Sea, the Sea of 
Marmara, and the Black Sea, there is a consensus that the 
sea levels during the LGM were 80–100 m lower than the 
current sea level. In this context, The Gediz Delta is one of 
the best places where the latest LGM effects can be observed 
and some studies (Aksu and Piper, 1983, 1984; Aksu et al., 
1995; Hakyemez et al., 1999, 2013) were carried out in the 
Eastern Mediterranean Region. The Gediz Delta, which is 
a remarkable late Quarternary geologic and geographic 
formation of western Anatolia, lies on the northeast side 
of İzmir Bay and covers a large area between Karşıyaka, 
Menemen, and Foça districts (Figure 1). Scientific records 
on the delta date back to the 1800s. In the oldest records, 
the Gediz River and its delta were named as “Hermus 
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River” and “Delta of the Hermus”, respectively, Strabon (7 
BC) (Jones, 1917), Herodotus (430 BC) (Godley, 1920), 
and Strickland (1937). However, Spratt (1845) used the 
names “Ancient Hermes” and “Kedooz Tchai” for the 
Gediz River. According to Ottoman records, in the early 
19th century, the sediments of the Gediz River began to 
fill the Gulf of İzmir. Therefore, the main channel of the 
river was changed by the cooperation of Germans and 
Ottomans (Ottoman Archive, 1887, 1889). In the second 
half of the 21st century, the geology of the delta and its 
periphery have been studied in more detail (Şenel, 2002; 
Kayan and Öner, 2015). 

In more recent and detailed geological studies (Aksu 
and Piper, 1983, 1984) based on seismic and archeologic 
data, it is mentioned that during the LGM, the current 
Gediz Delta area is at the lowest sea level (about 120 m), 
and the Aegean Sea shoreline located off the coast of Foça. 
Aksu and Piper (1983, 1984) suggested that until the 
end of the LGM (16 ka before present -BP-), from Foça 
to Menemen was under continental conditions. These 
authors emphasize that the continental delta sediments 
start to fill the delta area at around 3 ka BP. Thus, they have 
pointed out that the marine regression has been continuing 
since 3 ka. The results and comments of these authors are 

parallel to Fleming et al. (1998)’s data on eustatic sea level 
changes since the LGM. It can be inferred that the LGM, 
affecting the Gediz Delta, accepted in different intervals 
ranging from 30 ka to 13 ka BP in the Mediterranean 
province (Fairbanks, 1989; Stirling et al., 1995; Dias et al., 
2000; Lambeck et al., 2002, Aksu et al., 2002; Lambeck 
and Purcell, 2005; Ergin et al., 2007, Kazancı, 2009; Milker 
et al., 2011). Post-LGM, instead, was marked with sea 
surface temperatures 5 to 10 oC warmer between 14 ka 
and 9.6 ka BP, as revealed by Aksu et al. (1995) based on 
their paleoclimatic, micropaleontological and stochastic 
isotope (18O).

More recently, Hakyemez et al. (1999, 2013) have 
suggested that from the end of the LGM (16 ka BP) to the 
Early Holocene (11.7 ka–8.2 ka BP), sea-level gradually 
raised and probably in the Early Holocene reached its 
maximum level. According to these authors, in the Middle 
Holocene interval, as a result of the back erosion of the 
ancient Gediz River, the Gediz Delta area was connected 
to Plio-Quarternary Gediz Graben Lake for the first time. 
The same authors suggested that the continental sediments 
of the Gediz Delta were deposited during the Middle 
Holocene (approximately 7 ka) when the Gediz River 
crossed the Emiralem Strait and started to flow into the 
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Figure 1. a) Location of Gediz delta in Türkiye, b) Topographic Map of Gediz Delta and surrounding region and location of drilling 
cores. Topographic data were obtained by a Digital Elevation Model (DEM) image with ~127 m ground resolution. This figure was 
prepared using Arcmap. GGLA: Gediz Graben Lake Area of the Hakyemez et al., 1999, 2013.
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İzmir Gulf (Figure 1). Since then, the waters of the Gediz 
Graben Lake discharge through the Gediz Delta (Figure 
1). This reflects the fact that the regressive sediments of 
the Gediz Delta have been deposited since the end of the 
Early Pleistocene (11.7 ka–8.2 ka) (Hakyemez et al. 1999 
and 2013). On the other side, according to the most recent 
geological studies, it is emphasized that the Gulf of İzmir 
and its surrounding are represented by the deposits of two 
superimposed Miocene and Plio-Quaternary basins (Uzel 
et al., 2008, 2012). In these studies, the authors described 
the main Gediz Delta deposits as part of the younger Plio-
Quaternary tectonosedimentary basin, which is formed 
under the control of tectonic events. Although many 
researchers have studied the geological evolution of the 
Gediz Delta in terms of progradation and retrogradation of 
the delta shoreline based on sedimentological, geophysical, 
paleontological, and archaeological methods (Aksu and 
Piper, 1983, 1984; Hakyemez et al. (1999, 2013); Kayan and 
Öner, 2015), absolute dating of these sedimentary units 
has never been attempted. However, the presence and 
distribution of marine fossils are very concrete evidence 
for sea movements and the ESR (Electron Spin Resonance) 
method is a reliable absolute dating method that is applied 
frequently to fossil shells (Ikeya and Ohmura, 1981; Engin 

et al., 2006; Skinner and Shawl, 1994). Thus, this study 
aimed to reexamine the environmental, sedimentologic 
evolution, macro and micro faunal characteristics of the 
delta deposits developed across the LGM and obtain new 
absolute age data by using the ESR method.

2. Geological setting
The Gediz Delta deposits take place on a basement that 
consists of the Late Cretaceous-Paleocene Bornova 
Flysch Zone (Okay and Siyako, 1993) and Neogene 
volcanosedimentary succession (Figures 1, 2, 3).

The Bornova Flysch Zone, with a tectonic contact on the 
Menderes Massif in the region (Erdoğan, 1990), contains 
the latest Cretaceous-Paleocene deep marine sandstone-
shale deposits (Erdoğan, 1990; Okay and Siyako, 1993; 
Sarı, 2014), and a mixture of fossiliferous and biolastic 
limestone block of Triassic to Cretaceous carbonate, 
mafic-ultramafic rocks of unknown age and chert mega-
blocks of Jurassic to late Cretaceous age (Erdoğan, 1990; 
Okay and Altuner, 2007; Tekin and Göncüoğlu, 2007, 
2009; Tekin et al., 2012). The rocks of the Menderes 
Massif are represented by mica schists and marbles in 
the close vicinity of the Gediz Delta (Erdoğan, 1990). The 
Neogene volcanosedimentary succession unconformably 
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Figure 2. Generalized geological map of the Gediz Delta and surrounding region (Modified from Dönmez, 1992); Q Alluvial deposit; 
Tma3 Yellow-white colored, locally siliceous lacustrine limestone, claystone-clayey limestone intercalation; Tma2  Light green, tuff-tuffite 
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covers the Bornova Melange and is represented by brackish 
or freshwater lacustrine sediments and terrestrial clastics 
intercalated with andesitic, rhyolitic volcanic rocks (Erdoğan, 
1990; Türkecan et al., 1998; Akay, 2001, 2004; Kaya et al., 
2004; Emre et al., 2006b; Helvacı et al., 2009; Göktaş, 2014; 
Seghedi et al., 2015). Lacustrine sediments are moderately 
petrified and sparsely fractured and consist of whitish-yellow 
mudstone, limy claystone, clayey limestone, and limestone. 
Terrestrial sediments are laterally and vertically inter-fingered 
with lacustrine deposits and contain muddy conglomerate, 
mudstone, pebbly mudstone, and limy mudstone. The 
Neogene volcanic rocks intercalating with Neogene sediments 
are represented by andesitic, rhyolitic massive lavas, tuffs, and 
agglomerates (Türkecan et al., 1998; Akay, 2001, 2004). 

Uzel et al., (2012) suggested that the Neogene sequence 
divided into Early-Middle Miocene “older basin fill” and 
Middle-Late Miocene “younger basin fill” separated from 
each other along an unconformity surface. The “older basin 
fill” consists of terrestrial and lacustrine sediments at the 
bottom and andesitic Yamanlar Volcanics at the top. The 
“younger basin fill” is represented by terrestrial and lacustrine 
deposits and contains massive basaltic lavas (Beşyol basalt) 
and is covered by rhyolitic lavas (Cumaovası volcanics). 

In previous studies, the Gediz Delta sediment fill has 
generally been described as Holocene alluvial fan, delta 
sediments, and stream sediments (Hakyemez et al., 1999; 
Hakyemez et al., 2013). In some studies, they are shown as 
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Holocene alluvial fan and fan delta deposits interlaced with 
shallow marine sediments (Uzel et al., 2012). However, due 
to insufficient subsurface data, the thickness, geometry, 
and lithofacies of those marine sediments could not be 
documented in detail (Uzel et al., 2012). In some previous 
studies, based on submarine cores, seismic data, and 
archaeological evaluations (Plinius (23AD)), (Rackham, 
1967), it is argued that the delta is represented by shallow 
marine sediments from 10 ka to 3 ka ago and by terrestrial 
delta sediments from 3 ka to the present (Aksu and Piper, 
1983, 1984; Aksu et al., 1990; Aksu et al., 1995). 

By general agreement, the delta area was filled with 
marine sediments by the effect of marine transgression, from 
the latest Pleistocene to Middle-Late Holocene time after the 
end of the LGM (Aksu and Piper, 1983, 1984 and Hakyemez 
et al., 2013). In the Middle or early Late Holocene period, 
with the Gediz River and Gediz Lake waters (Hakyemez et al., 
2013) starting to flow into İzmir Gulf, the Delta area is filled 
with regressive continental delta deposits and is still being 
filled (Aksu and Piper, 1983, 1984; Hakyemez et al., 2013). 

3. Material and methods
3.1. Drilling cores
In this study, three drilling cores from YSK-C, SK-4, and 
SK-246 boreholes were used to reveal the stratigraphy of 
delta deposits consisting of marine and terrestrial facies. 
The investigated drillings are approximately 3.9 (YSK-C), 
9.4 (SK-4), and 19.4 (SK-246) km from the coastline in the 
E-W direction with elevations of 3 (Geren), 5 (Seyrek), and 
6 (Menemen) m above sea level, respectively (Figures 1 
and 2). The stratigraphy of these drilling cores is described 
in detail in section 4.1. Three drilling cores representing 
the seaside (from Geren location, total core thickness: 35 
m), central part (from Seyrek Village, total core thickness: 
15 m), and inland (from Menemen district, total core 
thickness: 45 m) of the Gediz Delta were examined in this 
study. The YSK-C drilling is located on the southwest of 
the Geren village, in the westernmost part of the Gediz 
Delta (Figures 1 and 2). The SK-4 core is located in the 
northwest of Seyrek (Menemen) village, in the western 
part of the Gediz Delta (Figures 1 and 2). The SK-246 
drilling is located on the western edge of the Menemen 
district, where the delta plain begins (Figures 1 and 2).
3.2. Micropaleontological methods
The marine fossil-rich parts with a high core percentage 
were sampled in 1 m intervals. Either all or half of the 
sediments obtained from cores were processed. No 
sampling was made from the core gaps. Selected wet 
sediment samples were treated with 10% H2O2 solution 
for 24 h. Each sample was washed with pressurized water 
through 0.063 and 0.425 mm sieves and dried at 40 °C in 
the oven. Foraminifera, gastropods, bivalves, ostracods, 
echinoids, and worm tube individuals were separated under 

a binocular microscope. The foraminiferal descriptions 
and nomenclature used here are based on Cimerman and 
Langer (1991); Sgarrella and Moncharmont-Zei (1993); 
Hottinger et al. (1993); Loeblich and Tappan (1988); Avşar 
and Meriç (2001); Avşar and Ergin (2001); Meriç and 
Avşar (2001); Avşar (2002, 2008); Kaminski et al. (2002); 
Meriç et al. (2002; 2004a, 2004b, 2014; 2005); Avşar et al. 
(2006); Murray (2006).   
3.3. The ESR dating method and measures
Age determination of 3 samples was carried out by 
applying ESR spectroscopic method. This method is based 
on measurements of the number of paramagnetic centers 
produced by natural radiation in geological material. 
The lattice of the biogenic shell carbonate does not have 
these centres at the time of its formation, but the ionizing 
radiation from the shell itself and the surrounding 
environment (enclosing matrix and cosmic ray) causes 
the gradual generation and subsequent accumulation of 
paramagnetic centres during its burial in the sediments 
(Molodkov, 2020). The number of these long-lived (about 
106 to 109 years) centres is directly related to the total 
radiation dose that the shell has received, and, therefore, 
to the age of the shell and of the enclosing sediments 
(Molodkov, 2020). Details of the physical basis of ESR 
dating can be found elsewhere (Grün, 1989; Ikeya, 1993; 
Rink, 1997; Ulusoy et al., 2014; Blackwell et al., 2016). 
For the ESR dating method, according to fauna density, 
marine fossil shells such as bivalve, gastropod, echinoid, 
and ostracod were obtained from different ranges (8.00–
9.00 m, 24.00–25.00 m, 25.00–26.00 m) of the core, YSK-C 
(Figure 4). These carbonate fossil shell samples for the ESR 
measurements were granulated by applying a light force 
in a porcelain mortar. After that, granulated shell material 
was sieved, and the 100–200 μm portion was separated 
for use. In the next step, the sieved samples were washed 
with 0.5% acetic acid (CH3COOH) solution for about one 
min, then rinsed with distilled water to remove surface 
defect ESR signal at g = 2.0002 caused by α rays or applied 
external mechanical force (Engin et al., 2006; Aydaş et al., 
2015). Finally, samples were dried in an oven at 40 °C.

These steps were repeated for each fossil sample 
taken from intervals of (8.00–9.00 m), (24.00–25.00 m), 
and (25.00–26.00 m) of YSK-C drilling core. In all ESR 
experimental procedures for the determination of the 
geological age above mentioned fossil shells, these powder-
prepared samples were used. After the sample preparation 
procedure, each fossil sample was divided into several 
aliquots. After that, they were irradiated by calibrated 
gamma radiation doses and analyzed at room temperature 
by a Bruker e-scan X-band spectrometer. Comparable 
results were also obtained with a Bruker EMX 131 X-band 
ESR spectrometer. In this work, the combining ESR 
signal intensity at g = 2.0012 of the CO2- paramagnetic 
ions was used as a dating signal which is indicated by the 
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arrow in Figure 5(a). The radiation-induced paramagnetic 
centre concentration was obtained from the peak-to-peak 
amplitude of the g = 2.0012 ESR signal. Equivalent doses 
representing the accumulated natural radiation doses (AD) 
were obtained by employing the multiple-aliquot additive 
dose method (Ikeya, 1993; Küçükuysal et al., 2011; Aydaş 
et al., 2015). AD values were obtained by extrapolating 
the dose-response curves to zero ESR intensities. Dose-
response curves were best fitted to the single saturation 
exponential function for the samples taken from 8.00–
9.00 m and to the linear function for the other two. Curve 
fitting and statistical analysis were done with the software 
Origin 6.0. ESR spectrum and fitted dose-response curve 
of the samples taken from the depth of 8–9 m, are shown 
in Figure 5(b), respectively. The AD values of the fossil 
shell samples collected from depths of 8.00–9.00 m, 
24.00–25.00 m, and 25.00–26.00 m were obtained as 34.6 
± 1.7, 53.5 ± 2.6, and 63.4 ± 3.1 Gy, respectively. Annual 
dose rates were determined, using the natural radioactive 
element (238U, 232Th, 40K) concentrations, cosmic dose rate 
contribution, grain sizes of powders, and moisture effect. 
The annual dose rates for the three shell samples taken 
from 8.00–9.00, 24.00–25.00, and 25.00–26.00 m depths 
were calculated as 3.03, 3.49, and 3.17 mGy/a, respectively. 
ESR ages of fossil shell samples were estimated by taking 
into account the uranium uptake history of shells using 
the ROSY program (Brennan et al., 1997; Brennan et al., 
1999).

In the study, the thermal behavior and structure of 
gastropod and bivalve shell samples were investigated 
by using Fourier Transform Infrared Spectroscopy 
(FTIR), X-ray Diffraction (XRD), ESR Spectroscopy and 
Thermal Gravimetric Analysis (TGA) techniques. ESR 
measurements were carried out at Dokuz Eylül University 

Faculty of Science, Department of Physics. The linear 
uptake (LU) method (Ikeya, 1993; Brennan et al., 1997; 
Brennan et al., 1999) is accepted as the calculation method.

4. Results
4.1. Stratigraphical results of the drilling cores
4.1.1. Stratigraphy of YSK-C core 
The YSK-C drilling core (Figures 1, 2, and 4), from base 
to top, consists of shallow marine at 35.00–6.00 m below 
and terrestrial sediments from 6.00 m upwards. The 
marine section starts with sandy mudstone at the bottom 
and continues with rare sand-bearing mudstone. The 
middle part (22.00–15.00 m) is represented by silty fine 
sand layers (Figure 4). The upper part (15.00–6.00 m) is 
represented by thin mudstone and sandy mudstone. In the 
lower part of the core (31.00–22.00 m), a mudstone level 
includes abundant 1–4 mm in size gastropod, echinoid, 
bivalve, worm tube fragments, and an abundant amount of 
foraminifer and ostracod. At the base of the core (30.00–
29.00 and 25.00–24.00 m), the common fossil is a bivalve, 
which still lives in abundance in the İzmir Bay (Figure 4). 

The lower part of the core (31.00–30.00 m) includes 
abundant mica sands and more rarely volcanic pebbles. 
The terrestrial top section corresponding to 6.00–0.00 m 
of the YSK-C borehole has not been examined in detail in 
this work. However, this continental level is composed of 
unconsolidated muddy pebble stones, which also contain 
soil, and pebbly sandy mudstones, including the current 
deposits at the upper part of the Gediz Delta (Akçığ et al., 
2012) (Figure 4). 
4.1.2. Stratigraphy of SK-4 core 
The 15 m long core is represented by an organic soil of 
0.25 m at the top, terrestrial fragments up to 8.00 m below 
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it, marine sediments between 8.00–10.50 m, and Neogene 
volcanoclastic rocks at the bottom. The marine level 
(15.00–10.50 m) in the middle part consists of sandy, limy 
mudstone and contains abundant bivalves, gastropods, 
ostracods, and foraminifers (Figure 4). The contact 
between the Neogene clastics and the marine layers is a 
stratigraphic unconformity.
4.1.3. Stratigraphy of SK-246 core 
The SK-246 drilling represents the E-NE boundary of the 
Gediz Delta. The 45 m core of SK-246 includes terrestrial 
Neogene layers at 45.00–24.00 m in the bottom, two 
marine levels at 24.00–23.00 m, and 19.00–18.00 m in 
the middle part. The rest of the core sequence is entirely 
represented by continental sediments (Figure 4).

The lower marine beds (24.00–23.00 m) are composed 
of sandy mudstones and contain abundant gastropods, 
foraminifers, echinoid fragments, worm tubes, bryozoa, 
and bivalves. Last, the upper marine beds (19.00–18.00 
m) are represented by silt-bearing clayey limestone or 
lime claystone containing 0.5–5 mm in size ostracods, 
gastropods, and bivalve fragments and reworked volcanic 
ash. The upper marine layers do not include foraminifers. 
The rest of the sequence is represented by limy claystone 
and limy mudstone containing abundant lapilli size 
volcanic fragments. There are no marine fauna remains 
in this part (Figure 4). These deposits consist of probably 
reworked material of Neogene pyroclastic levels.
4.2. Micropaleontological results
4.2.1. Fossil content of the Gediz Delta in YSK-C, SK-
246, and SK-4 cores
In this study, 66 foraminiferal species belonging to 41 
genera were identified in samples collected from YSK-C, 
SK-246, and SK-4 drilling cores (Figures 1, 2). Within 
this assemblage, four species of Haynesina germanica 
(Ehrenberg), Nonionella turgida (Williamson), Ammonia 
compacta (Hofler), and Elphidium crispum (Linnaeus) 
are commonly found. Only two genera are planktonic 
and the rest is benthic foraminifers. In addition, samples 
include abundant bivalves, gastropods, and worm tubes. 
Along with the foraminifer assemblage, echinoid, bryozoa, 
sponge, decapod fragments and fish bones (tooth and 
vertebrae) are also abundant (Figures 6, 7, and 8).
4.2.2. Fosil content of the YSK-C core
In the YSK-C core, from bottom to top, 13 samples from 
different intervals were examined. Each sample is rich in 
bivalve, gastropod, and ostracod fragments (especially at 
10.00–9.00 m) and foraminifer (Figures 4, 9). Observed 
bivalves in 9.00–8.00; 26.00–24.00, and 30.00–28.00 m 
are 2–60 mm in size. In the YSK-C core, 62 foraminifera 
species belonging to 38 genera were determined (Figures 
6, 10, 11). Foraminifers in the range of 6.00–14.00 m are 
Lagenammina cf. Laguncula Rhumbler, Hyperammina 
friabilis Brady, Hyperammina sp., Textularia bocki Höglund, 

Miliolinella subrotunda (Montagu), Pseudotriloculina 
cf. rotunda (d’Orbigny), P. subgranulata (Cushman), 
Wellmanellinella striata (Sidebottom), Valvulineria 
bradyana (Fornasini), Ammonia beccarii (Linnaeus), 
A. parkinsoniana (d’Orbigny), Ammonia compacta 
(Hofler), Porosononion subgranosum (Egger), Elphidium 
complanatum (d’Orbigny), E. depressulum Cushman and 
E.  macellum (Fichtel and Moll) (Figure 6). 

Foraminiferal assemblage found in the range of 22.00–
26.00 m consist of Reussella spinulosa (Reuss), Haynesina 
germanica (Ehrenberg), Nonionella turgida (Williamson), 
Textularia bocki Höglund, T. truncata Höglund, Adelosina 
cf. cliarensis (Heron-Allen and Earland), A. duthiersi 
Schlumberger, A. mediterranensis (Le Calvez), A. carinata-
striata Wiesner, A. pulchella d’Orbigny, Quinqueloculina 
seminula (Linnaeus), Quinqueloculina cf. vienensis 
Le Calvez, Pseudotriloculina cf. rotunda (d’Orbigny), 
Pseudotriloculina sp., Pyrgo elongata (d’Orbigny), 
Triloculina marioni Schlumberger, Triloculina cf. adriatica 
Le Calvez, T. asymmetrica Said, Lagena striata (d’Orbigny), 
Globigerinita glutinata (Egger), Globigerinoides ruber 
(d’Orbigny), Globigerinoides sp., Brizalina spathulata 
(Williamson), Fursenkoina acuta (d’Orbigny), Valvulineria 
bradyana (Fornasini), Eponides repandus Fichtel and Moll, 
Vonkleinsmidoides sp., Neoeponides cf. bradyi (Le Calvez), 
Rosalina bradyi Cushman, Hyalinea baltica (Schröter), 
Lobatula lobatula (Walker and Jacob), Planorbulina 
mediterranensis d’Orbigny, Aubignyna perlucida (Heron-
Allen and Earland), Ammonia beccarii (Linnaeus), A. 
parkinsoniana (d’Orbigny), A. tepida (Cushman), A. 
compacta (Hofler),  Challengerella bradyi Billman, Hottinger 
and Oesterle, Cribroelphidium poeyanum (d’Orbigny), 
Elphidium complanatum (d’Orbigny), E. crispum (Linnaeus), 
E. depressulum Cushman (Figures 6, 10, 11).

Foraminifers observed in 28.00–31.00 m interval 
are Textularia bocki Höglund, T. truncata Höglund, 
Adelosina mediterranensis (Le Calvez and Le Calvez), 
Adelosina partschi (d’Orbigny), A. pulchella d’Orbigny, 
Spiroloculina cf. angulosa Cushman, S. excavata d’Orbigny, 
Lachlanella andulata (d’Orbigny), Quinqueloculina cf. 
vienensis Le Calvez and Le Calvez, Quinqueloculina sp., 
Pseudotriloculina oblonga (Montagu), Triloculina marioni 
Schlumberger, T. cf. adriatica Le Calvez and Le Calvez, 
Triloculina trigonula (Lamarck), Bulimina marginata 
d’Orbigny, Reussella spinulosa (Reuss), Valvulineria 
bradyana (Fornasini), Eponides repandus Fichtel and 
Moll, Neoeponides cf. bradyi (Le Calvez), Lobatula 
lobatula (Walker and Jacob), Planorbulina mediterranensis 
d’Orbigny, Haynesina germanica (Ehrenberg), Nonionella 
turgida (Williamson), Ammonia beccarii (Linnaeus), 
A. parkinsoniana (d’Orbigny), A. compacta (Hofler), 
Challengerella bradyi Billman, Hottinger and Oesterle, 
Porosononion subgranosum (Egger), Elphidium crispum 
(Linnaeus), E.  complanatum (d’Orbigny) (Figures 6, 10, 11).
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Figure 6. Vertical distribution of foraminifers in YSK-C core.
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Considering the vertical distribution of the foraminifers 
described above, it is seen that there are 23 genera and 
31 species in the range of 31.00–24.00 m and 27 genera 

and 42 species in the range of 24.00–22.00 (Figure 6). 
Towards the top, there is a drastic decrease in the number 
of genera and species at the 15.00–06.00 m ranges (11 
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Figure 7. Vertical distribution of foraminifers in SK-4 core.

1155

A
d
el

o
si

n
a
 s
p

.

A
d
el

o
si

n
a
 c

li
a
re

n
si

s

N
o
n

io
n

 d
ep

re
ss

u
lu

m
 

H
a
yn

es
in

a
 g

er
m

a
n

ic
a

A
m

m
o
n

ia
 t

ep
id

a

A
m

m
o
n

ia
 c

o
m

p
a
ct

a

P
o
ro

so
n

o
n

io
n

 s
u

b
g
ra

n
a
su

m

UnitAge

T
e

rr
e

s
tr

ia
l 
 G

e
d

iz
  

D
e

lt
a

  
D

e
p

o
s
it

      Depth Foraminifers

00

55

L i t h o l o g y

Depth
  ( m )

99..55

SK-4

N
e

o
g

e
n

e
s
e

d
im

e
n

ts

M
ar

in
e 

se
di

m
en

ts

Q
  

u
  

a
  

t 
 e

  
r 

 n
  

a
  

r 
 y

N
e

o
g

e
n

e
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genera, 16 species). Two planktonic foraminifera species, 
Globigerinita glutinata (Egger) and Globigerinoides ruber 
(d’Orbigny) species are also seen in the same range 
(Figures 6, 10). 
4.2.3. Fossil content of the SK-4 core
The marine beds of SK-4 core are abundant in bivalves, 
gastropods, ostracod fragments, and foraminifers. The 
foraminifer assemblage consists of 7 species belonging 
to 5 genera (Figure 7). Ammonia compacta (Hofler) and 
Haynesina germanica (Ehrenberg) are common in this 

group. while Adelosina sp., Nonion depressulum (Walker 
and Jacob), Ammonia tepida (Cushman), Porosononion 
subgranasum (Egger) are found less, Adelosina cliarensis 
(Heron-Allen and Earland) is rare (Figures 7, 10, 11). 
These foraminifera of the SK-4 core are also found in the 
YSK-C core. 
4.2.4. Fossil content of SK-246 core 
The SK-246 drilling, located near a Neogene-aged outcrop 
at the E-NE boundary of the Gediz Delta at the western 
edge of the Menemen district was carried out on recent 

Figure 9. 1) Gastropod. External view; x 25; YSK-C, 10.00–11.00 m, 2) Bivalve. External view; x 25; YSK-C 24.00–25.00 m, 3) Gastropod. 
External view; x 25; YSK-C 24.00–25.00 m, 4) Gastropod. External view; x 25; YSK-C 9.00–10.00 m, 5–6) Gastropod. External view; x 25; 
YSK-C 24.00–25.00 m, 7) Gastropod. External view; x 25; YSK-C 10.00–11.00 m, 8–9) Echinoid fragments. External view; x 32; YSK-C 
10.00–11.00 m, 10–11) Ostracod. External view; x 32; YSK-C 24.00–25.00 m, 12) Ostracod. External view; x 32; YSK-C 13.00–14.00 
m, 13) Decapod fragment. External view; x 25; YSK-C 8.00–9.00 m, 14) Decapod fragment. External view; x 25; YSK-C 24.00–25.00 
m, 15) Sponge spicules External view; x 40; YSK-C 23.00–24.00 m, 16) Sponge spicules External view; x 40; YSK-C 28.00–29.00 m, 17) 
Bryozoa fragment External view; x 25; YSK-C 24.00–25.00 m, 18) Bryozoa fragment. External view; x 32; YSK-C 25.00–26.00 m, 19) 
Fish vertebrae fragments; x 32; YSK-C 24.00–25.00 m, 20) Fish vertebrae fragments; x 32; YSK-C 24.00–25.00 m, 21–23) Fish tooth. 
External view; x 32; YSK-C 10.00–11.00 m.
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alluvion (Figure 2). In this drilling, fossiliferous layers were 
observed in 37.50–36.00 m, 24.00–23.00 m, and 19.00–
18.00 m intervals, 1–2 mm in size bivalves, gastropods, 
bryozoa fragments and foraminifers were detected only 
in 24.00–23.00 m interval. In the ranges of 37.50–36.00 

m and 19.00–18.00 m, poorly preserved and fragmented 
sand-sized gastropods and probable bivalvia and ostracod 
fragments were observed. The foraminifer assemblage of 
the 24.00–23.00 m interval consists of 13 genera and 14 
species (Figures 8, 10, 11). Ammonia compacta (Hofler) 

Figure 10. Images of benthic and planktonic foraminifers identified in this study. 1) Textularia bocki Hoglund. External view; YSK-C 
25.00–26.00 m, 2) Adelosina mediterranensis (Le Calvez, J. and Y.). External view; YSK-C 30.00–31.00 m, 3) Adelosina carinata-striata 
Wiesner. External view; SK-4 9.50 m 4) Adelosina partschi (d’Orbigny). External view; YSK-C 29.00–30.00 m 5–6) Spiroloculina excavata 
d’Orbigny. External view and apertural view; YSK-C 29.00–30.00 m, 7) Lachlanella undulata (d’Orbigny). External view; YSK-C 30.00–
31.00 m, 8) Pseudotriloculina oblonga (Montagu). External view; YSK-C 30.00–31.00 m 9–10) Pseudotriloculina cf. rotunda (d’Orbigny). 
External view; YSK-C 30.00–31.00 m 11) Pseudotriloculina subgranulata (Cushman). External view; YSK-C 10.00–11.00 cm 12) Pyrgo 
elongata (d’Orbigny). External view; YSK-C 24.00–25.00 m 13) Triloculina marioni Schlumberger. External view; YSK-C 10.00–11.00 
m, 14) Lagena striata (d’Orbigny). External view; YSK-C 24.00–25.00 m 15) Polymorphina sp. External view; YSK-C 24.00–25.00 m 16) 
Globigerinita glutinata (d’Orbigny). External view; YSK-C 25.00–26.00 m, 17) Globigerinoides ruber (d’Orbigny). External view; YSK-C 
24.00–25.00 m, 18) Globigerinoides ruber (d’Orbigny). External view; YSK-C 25.00–26.00 m, 19) Bulimina marginata d’Orbigny. External 
view; YSK-C 25.00–26.00 m, 20) Reusella spinulosa (Reuss). External view; YSK-C 24.00–25.00 m 21) Fursenkoina acuta (d’Orbigny). 
External view; YSK-C 25.00–26.00 m 22) Neoeponides bradyi (La Calvez). External view; spiral side, YSK-C 7.00–8.00 m.
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Figure 11. Images of benthic foraminifers identified in this study. 1) Rosalina bradyi Cushman. External view; spiral side, YSK-C 24.00–
25.00 m 2) Lobatula lobatula (Walker and Jacob). External view; spiral side, YSK-C 24.00–25.00 m 3) Planorbulina mediterranensis 
d’Orbigny. External view; YSK-C 29.00–30.00 m 4) Haynesina germanica (Ehrenberg). External view; YSK-C 9.00–10.00 m 5) Nonion 
depressulum (Walker&Jacoob) External view;  YSK-C 25.00–26.00 m 6) Nonionella turgida (Williamson). External view;  spiral side, 
YSK-C 25.00–26.00 m 7) Ammonia compacta (Hofler). External view; spiral side, YSK-C 24.00–25.00 m, 8) Ammonia compacta (Hofler). 
External view; umbilical side, SK-246 23.00–24.00 m, 9) Ammonia compacta (Hofler). External view; umbilical side SK-246 23.00–24.00 
m, 10) Ammonia compacta Cushman. External view; spiral side, YSK-C 24.00–25.00 m, 11) Ammonia tepida Cushman. External view; 
spiral side, SK- 4 9.00–10.50 m, 12) Ammonia tepida Cushman. External view; umbilical side, YSK-C 9.00–10.00 m, 13) Ammonia 
tepida Cushman. External view, YSK-C 9.00–10.00 m, 14) Challengeralla bradyi Billman, Hottinger and Oesterle. External view; spiral 
side, YSK-C 24.00–25.00 m, 15) Challengeralla bradyi Billman, Hottinger and Oesterle. External view; umbilical side, YSK-C 30.00–
31.00 m, 16) Elphidium advenum (Cushman). External view, YSK-C 9.00–10.00 m, 17) Elphidium complanatum (d’Orbigny). External 
view; YSK-C 8.00–9.00 m, 18) Elphidium complanatum (d’Orbigny). External view; YSK-C 10.00–11.00 m, 19) Elphidium complanatum 
(d’Orbigny). External view; YSK-C 8.00–9.00 m.

and Elphidium crispum (Linnaeus) species are relatively 
common in this community. On the other hand, Textularia 
bocki Hoglund, Adelosina pulchella d’Orbigny, Spiroloculina 
excavata d’Orbigny, Quinqueloculina cf. viennensis Le 

Calvez and Le Calvez, Lobatula lobatula (Walker and 
Jacob), Planorbulina mediterranensis d’Orbigny and 
Nonionella turgida (Williamson) individuals are not 
common. Siphotextularia sp., Pseudogaudryina sp., and 
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Figure 12. Lithostratigraphic, biostratigraphic and environmental correlations of YSK-C, SK-246, and SK-4 cores.

Sphaerogypsina globulus (Reuss) individuals were found 
only at this core, not in the YSK-C and SK-4 cores. 

5. ESR age of the YSK-C core
The ESR technique was used to date the gastropod 
and bivalve shells compiled from the marine layers at 
9.00–8.00 m, 25.00–24.00 m, 26.00–25.00 m intervals 
of the YSK-C core. Conducted studies have shown that 
ESR ages of marine gastropod and bivalve shells belong 
to the Latest Pleistocene-Early Holocene times (Aydın, 
2015). The obtained linear uranium uptake (LU) ages 
are more consistent with the geological expectation of 
the environment. Preferring LU (Linear up take) instead 
of EU (early up take) is a choice based on the 238U, 232Th, 
40K amounts obtained from the analysis (ICP-MS) of the 
sedimentary sample taken from the surrounding of the 
sample, geological dose value, sample thickness, moisture 
content of the sample and sediments.

ESR analysis graphs of selected samples of the YSK-C 
core were drawn for the calculations (Figures 5a, 5b). These 
calculations were made on dose-response curves, and the 
g = 2.0016 signal of the shell sample taken at 26.00–25.00 

m, the g = 2.0018 signal of the shell sample taken at 25.00–
24.00 m, and the g = 2.0012 signal of the shell sample 
taken at 9.00–8.00 m were used. Accordingly, the YSK-C 
core yields an age of 19.9 ± 2.2 ka for the interval between 
26.00 and 25.00 m, 15.3 ± 2.0 ka for the interval between 
25.00 and 24.00 m, and 11.4 ± 1.5 ka for the interval 
between 9.00 and 8.00 m (Figure 12). Consequently, the 
uppermost 6 m-thick continental deposit layer, the top of 
which corresponds to the modern-day depositional phase 
is younger than 11.4 ka.

6. Discussion
Considering the presence of Neogene aged volcanic rocks 
around and at the basement of the Delta, it can be inferred 
that the volcanic pebbles encountered in the YSK-C core 
were derived from the Neogene basement. However, mica 
sands must be derived from the Menderes Massif, which 
is far from the Delta and contains mica schists. The SK-
246 core contains a definite marine level with abundant 
foraminifers between 24.00–23.00 m and a probable 
marine level with molluscs and ostracod fragments 
between 19.00 and 18.00 m. This 24.00–18.00 m interval 

http://tureng.com/tr/turkce-ingilizce/analysing
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can be interpreted maximum transgression level after 
the LGM. In the 19.00–18.00 m interval of SK-246 core, 
marine fauna is absent except for some fragments. For this 
reason, this level has been considered as “probable marine”. 
However, it is clear that the post-LGM transgression had 
reached the edge of Menemen town in the range of 24.00–
23.00 m due to the abundant marine fauna (Figures 8, 12, 13).

The significant decrease in the thickness of the marine 
layers from the YSK-C (> 29 m) to SK-246 (maximum 7.00 
m) is the result of the west-to-east progression of the post-
LGM transgression over the Neogene basement (Figures 
12, 13), where YSK-C site represents the deeper and 
SK-246 site represents the shallower parts of the marine 
environment. Similarly, the thinning of the terrestrial 
sediment layers from the SK-246 core to the SK-4 and 
YSK-C cores (18.00 m, 9.00 m, and 6.00 m, respectively) 
reflects the last coastal retreat from east to West (Figure 12). 

A few (5 individuals) planktic foraminifers belonging 
to Globigerinita glutinata (Egger), Globigerinoides ruber 
(d’Orbigny) observed in the lower part of the YSK-C core 
may have been carried into the bay by sea movements 

or artificial means (Figure 6). Although their presence 
might relate to the deepening during the first period of sea 
progression following the LGM, there is no data indicating 
pelagic conditions. Therefore, their presence can be 
attributed to coincidental causes.

Based on the ESR ages obtained, the uppermost 6.00 
m of continental deposit part of the YSK-C core must be 
younger than 11.4 ka. In this case, continental deposits 
of the delta are older than the previous age suggestions, 
which are 3 ka as suggested by Aksu and Piper (1983 and 
1984), and 7 ka as predicted by Hakyemez et al. (2013).

The YSK-C core was terminated in the marine 
deposits of the delta at 35.00 m and accordingly, it can 
be considered that the marine sediments of the core are 
thicker than 35.00 m. This fact indicates that the marine 
stage of the delta should be older than 19.9 ka. Therefore, 
it is possible to infer that the Gediz Delta transgression 
started earlier than 20 ka or during the LGM, and the 
Aegean Sea coastline was further east of the YSK-C 
location, not in front of Foça contrary to the statement 
of Aksu and Piper (1983 and 1984). If the Aegean Sea 

Figure 13. The inferred paleo coastline map of the Gediz Delta in the last 20 ka (Modified from Aksu and Piper, 1983).
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coastline was located east of the YSK-C locality during 
the LGM, the marine level dated 15.3 ka between 24.00–
23.00 m in the YSK-C core may mark the end of the 
LGM and onset of transgression. Thus, the marine level 
in the range of 24.00–23.00 m in the SK-246 core may 
correspond to the end of the LGM and indicate that the 
coastline reached Menemen (Figures 12, 13). While the 
available ESR and micropaleontological data combined 
with stratigraphical correlation allow us to make these 
interpretations, however, further ESR assessment of 
the marine sediments of the SK-246 and SK-4 cores is 
needed to verify the eustatic sea-level change and hence 
the paleo-shoreline for the time intervals identified in 
this study.

The rapid onset of the regression after the marine 
layers represented by the 24.00–18.00 m range in the SK-
246 core supports that this level points to the end of the 
LGM transgression. Because, at this time, with the melting 
of the glaciers and-or snow cover of mountains in West 
Anatolia (Akçar et al., 2014; Sarıkaya and Ciner, 2015), 
the Gediz Graben Lake (Hakyemez et al., 2013) flowed 
westward via Emiralem Strait that caused the water and 
terrestrial sediments reach to the Gediz Delta in a short 
time and regression to begin. The presence of marine 
layers in the SK-246 core at 24.00–18.00 m indicates that 
the sea level rapidly increased from the west (YSK-C) to 
the east (SK-246). 

In SKS-246 core, near Menemen, terrestrial beds are 
found 18 m in thickness. However, in the vicinity of Seyrek 
village, in the SK-4 core, this thickness is 8 m. Westward, 
near Geren, in the YSK-C core, 11 ka aged terrestrial beds 
are only 6 m in thickness (Figures 12, 13). This distribution 
pattern of the terrestrial clastics reflects that the terrestrial 
sediments of the Gediz River reached the YSK-C locality 
later than 11 ka and that the regression initiated very 
quickly in a few thousand years. These observations are 
not parallel to the findings of Hakyemez et al. (2013), who 
declared that the Gediz River started to flow to İzmir Bay 
at around 7 ka BP. This finding is also not coherent with 
the findings of Aksu and Piper (1998), who reported the 
Gediz River began to fill up the delta at around 3 ka BP.

Uzel et al. (2008, 2012) stated that the current Gediz 
Delta area is a part of the youngest Plio-Quaternary 
tectonosedimentary basin covering İzmir Bay. According 
to these authors, this half-graben basin developed under 
the control of tectonic events. However, the Gediz 
Delta area, which is the subject of this study, is located 
on the stable edge of the half-graben. Considering the 
morphology of the delta area, the horizontal geometry 
of marine layers, and their lateral continuity, there is 
not enough evidence of a tectonic impact causing the 
progradation and retrogradation of the delta shoreline, in 
the last 20 ka. For this reason, it is more appropriate to 
explain the evolution of the Gediz Delta, mostly with post-

LGM eustatic sea-level change events over the last 20 ka. 
On the other hand, LGM-related studies in the region are 
scarce and tectonic assessment of the Gediz Delta region 
located within the İzmir-Balıkesir Transfer Zone (IBTZ) 
(Uzel and Sözbilir ,2008), Sözbilir et al. (2011), Uzel et 
al. (2012, 2013), and Özkaymak et al. (2013) have shown 
differences than that of the further east (Westaway, 2004, 
Maddy et al, 2016). Thus, it is not possible to explain 
a sudden transgression and regression with regional 
uplift/subsidence occurring in a very short time period 
of 15–20 ka. Similarly, Ocakoğlu (2020) reached results 
showing that in the last 400 ka of continental Quaternary 
sediments of Karacasu Graben (Aydın) located east of 
IBTZ, deposition was effective until the end of LGM and 
erosion was dominant from the end of LGM. The author 
argued that erosion was caused by the tectonic uplift 
governed by the high-angle margin faults of the Büyük 
Menderes Graben, but stated that high erosion rates 
occurred after the LGM. This is important as it reflects 
the effect of glacial and snow cover melting in Western 
Anatolia after the LGM, as in the Gediz Delta.

The YSK-C core containing abundant mica grains 
(derived from the Menderes Massif) in the range of 
31.00–30.00 m indicates that during the deposition of 
this mica-rich level, the Gediz River was connected 
through a pass to the Gediz Graben and the mica-bearing 
sediments of the Gediz Graben Lake were flowing into 
the Gediz Delta (Figure 1). 

When the YSK-C and SK-246 drilling cores are 
correlated, it is observed that even though the W-SW 
part of the Gediz Delta was continuously marine in facies 
from 19.9 ka to 11.4 ka ago, the E-NW part (around 
Menemen) was a marine environment only about 15 ka 
ago (Figures 12, 13). 

On the other hand, in the YSK-C core, the increase in 
the number of genera and species from 22 m downwards, 
may suggest that the most ideal marine environment for 
foraminifers occurs between 31.00–22.00 m depending on 
the sea progress (Figures 6, 12).  However, the decrease in 
the number of genera and species from 22 m upwards may 
reflect that the living conditions for benthic foraminifers 
changed due to the regression of the sea (Figures 6, 12). In 
the same way, at the top of the marine part of the sequence, 
in 10.00–6.00 m intervals, the relative dominance of 
genera Ammonia and other small-sized foraminifers can 
indicate that marine delta condition changes to a swamp-
like environment (Caruso et al., 2011; Hohenegger, 2015; 
Louvari et al, 2019) (Figures 6, 12). When the foraminifer 
assemblages of all three boreholes are evaluated, in the Delta 
sequence the number of genera and species decreases from 
bottom to top and in the lateral direction (from YSK-C to 
SK-246). Nevertheless, the species belonging to SK-246 
and SK-4 drillings are also found in YSK-C (Figures 6, 7, 
8). In this case, a detailed environmental analysis cannot be 
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